Peripheral nerves and blood vessels have similar patterns in quail forelimb development. Usually, nerves extend adjacent to existing blood vessels, but in a few cases, vessels follow nerves. Nerves have been proposed to follow vascular smooth muscle, endothelium, or their basal laminae. Focusing on the major axial blood vessels and nerves, we found that when nerves grow into forelimbs at E3.5-E5, vascular smooth muscle was not detectable by smooth muscle actin immunoreactivity. Additionally, transmission electron microscopy at E5.5 confirmed that early blood vessels lacked smooth muscle and showed that the endothelial cell layer lacks a basal lamina, and we did not observe physical contact between peripheral nerves and these endothelial cells. To test more generally whether lack of nerves affected blood vessel patterns, forelimb-level neural tube ablations were performed at E2 to produce aneural limbs; these had completely normal vascular patterns up to at least E10. To test more generally whether vascular perturbation affected nerve patterns, VEGF 165 , VEGF 121 , Ang-1, and soluble Flt-1/Fc proteins singly and in combination were focally introduced via beads implanted into E4.5 forelimbs. These produced significant alterations to the vascular patterns, which included the formation of neo-vessels and the creation of ectopic avascular spaces at E6, but in both under-and overvascularized forelimbs, the peripheral nerve pattern was normal. The spatial distribution of semaphorin3A protein immunoreactivity was consistent with a negative regulation of neural and/or vascular patterning. Semaphorin3A bead implantations into E4.5 forelimbs caused failure of nerves and blood vessels to form and to deviate away from the bead. Conversely, semaphorin3A antibody bead implantation was associated with a local increase in capillary formation. Furthermore, neural tube electroporation at E2 with a construct for the soluble form of neuropilin-1 caused vascular malformations and hemorrhage as well as altered nerve trajectories and peripheral nerve defasciculation at E5-E6. These results suggest that neurovascular congruency does not arise from interdependence between peripheral nerves and blood vessels, but supports the hypothesis that it arises by a shared patterning mechanism that utilizes semaphorin3A.
Introduction
The congruence of peripheral nerve and blood vessel anatomical patterns has been well described in human and other vertebrate adults (Feig and Guillery, 2000; Lewis, 1902; Lucas and Stettenheim, 1972; Miller, 1939; Taylor et al., 1994) , giving rise to the term "neurovascular bundle" (Wheater et al., 1985) . In particular, the adult vertebrate forelimb demonstrates a highly stereotypic and close spatial relationship between peripheral nerves and blood vessels (Sunderland, 1945; Taylor et al., 1994) . Neurovascular congruency in the vertebrate forelimb is established during embryogenesis (Bates et al., 2002) ; however, the means by which such congruency arises remains poorly characterized Mukouyama et al., 2002) .
Lumenized blood vessels in the embryonic avian forelimb are formed via vasculogenesis and angiogenesis (Brand-Saberi et al., 1995) and form discrete patterns prior to peripheral nerve in-growth. However, there are several examples where nerves precede the in-growth and foreshadow the trajectory of their corresponding vessels (Bates et al., 2002) . Nerves are invariably found to lie on one of four capillary layers in the dorsoventral (D-V) axis and are commonly juxtaposed in the anteroposterior (A-P) and proximodistal (P-D) axes of the forelimb (Bates et al., 2002) . Neurovascular congruency in all spatial axes is highest toward the geometric center of the forelimb. Hence, major named mixed (e.g., motor and sensory) nerves (e.g., median nerve) are frequently colocalized with major named arteries (e.g., median artery) in the A-P and P-D axes, whereas cutaneous nerves and vessels are often only colocalized in the D-V axis . These major neurovascular bundles typically supply muscles and bones in contradistinction to their minor branches that supply the skin.
The first theory of how neurovascular congruency is established suggests that peripheral nerves and blood vessels pattern on one another. Tello (1917) proposed the initial version of this theory, suggesting that the vasculature acts as a template for nerve distribution, and this has since been supported by others (Gu et al., 1995; Hobson et al., 1997; Lengele and Dhem, 1989; Miller, 1939; Singer, 1933a,b; Weddell, 1942) . Recent evidence suggests that blood vessels may provide guidance cues for peripheral nerves by expressing molecules, such as fibronectin (Spence and Poole, 1994) , artemin (Enomoto et al., 2001; Honma et al., 2002) , and ␤-netrin (Koch et al., 2000) . Vascular smooth muscle may play an important role in this regard; however, spatiotemporal studies of vascular smooth muscle distribution in the forelimb of vertebrate embryos (Takahashi et al., 1996) have not been correlated with peripheral nerve distribution, and it is still not known whether vascular smooth muscle is present in those blood vessels along which peripheral nerves initially extend.
Conversely, it has also been suggested that nerves may have a role in modifying the vascular pattern Mukouyama et al., 2002) . Trophic factors, such as vascular endothelial growth factor (VEGF) released by neurons and peripheral nerves, stimulate endothelial cell proliferation, migration (Ogunshola et al., 2000) , and differentiation (Mukouyama et al., 2002) . Selective denervation leads to a decrease in capillary density in adult skeletal muscle (Borisov et al., 2000) , but denervation of embryonic forelimbs does not significantly alter the pattern of cutaneous blood vessels . It is not known at present what effect denervation has on vessels other than skin capillaries and whether specific vascular remodeling events are affected. Similarly, no studies have examined the effect of an abnormal vascular pattern (in an otherwise normal limb) on the developing peripheral nerve pattern.
The second theory of how neurovascular congruency arises is through shared patterning mechanisms (Roush, 1998; Shima and Mailhos, 2000) . Candidate molecules include the secreted molecules vascular endothelial growth factor (VEGF), semaphorin3A (Sema3A), and the cell surface receptor neuropilin-1 (NRP1). VEGF 165 and Sema3A compete for binding to the transmembrane NRP1 receptor, which is present on both nerves and endothelium (Herzog et al., 2001; Kitsukawa et al., 1995; Soker et al., 1998) . The effect of VEGF 165 on both peripheral nerves and blood vessels opposes the effect of Sema3A on these tissues in vitro (Bagnard et al., 2001; Miao et al., 1999) . VEGF is a potent endothelial cell motility and survival factor (Drake et al., 2000; Gupta et al., 1999; Morales-Ruiz et al., 2000) and has also been shown to increase axonal outgrowth and neuronal survival Oosthuyse et al., 2001; Schratzberger et al., 2000; Sondell et al., 1999a Sondell et al., ,b, 2000 . In contrast, Sema3A has been shown to inhibit endothelial cell motility (Miao et al., 1999) and survival (Bagnard et al., 2001) . Similarly, Sema3A has been shown to inhibit axonal outgrowth (Fan and Raper, 1995; Luo et al., 1993; Messersmith et al., 1995; Puschel et al., 1995) and to decrease survival of sensory neurons in vitro (Gagliardini and Fankhauser, 1999) . The NRP1 receptor is required for vascular patterning events, such as vasculogenesis and angiogenesis (Soker, 2001; Soker et al., 1998; Whitaker et al., 2001; Yamada et al., 2001) , and is also required for axonal patterning (Bagnard et al., 2001; Fujisawa et al., 1997; Kawakami et al., 1996; Rohm et al., 2000) . Furthermore, knockout and overexpression studies involving the NRP1/ Sema3A system (Behar et al., 1996; Kawasaki et al., 1999; Kitsukawa et al., 1995 Kitsukawa et al., , 1997 Mukouyama et al., 2002; Takashima et al., 2002; Taniguchi et al., 1997) have demonstrated abnormalities in both peripheral nerve and vascular patterning. However, there have been no in vivo Sema3A overexpression studies that have examined the effect on the developing vasculature, and despite the ability of the soluble form of NRP1 (sNRP1) to bind both VEGF 165 and Sema3A , no in vivo misexpression studies of sNRP1 have been reported to date. Recent in vitro studies have suggested that sNRP1 can either enhance or inhibit vascular development, depending on whether sNRP1 exists in a monomeric or dimeric form (Yamada et al., 2001) ; however, it is still not clear whether sNRP1 acts to increase or decrease VEGF 165 activity in vivo.
Both peripheral nerves and blood vessels have been observed to avoid similar regions of the developing forelimb (Bennett et al., 1980; Caplan and Koutroupas, 1973; Drushel et al., 1985; Feinberg et al., 1986; Hallmann et al., 1987; Tosney and Landmesser, 1985; Wilson, 1986; Yin and Pacifici, 2001) . These regions include the prechondrogenic mesenchyme, muscle-forming areas, and the subectodermal avascular zone. Sema3A mRNA expression studies in the fore-limb of rat embryos (Giger et al., 1996; Wright et al., 1995) broadly match these prohibitive regions of the developing quail forelimb and are consistent with the hypothesis that Sema3A negatively regulates peripheral nerve and/or blood vessel outgrowth. However, no precise spatiotemporal correlation of Sema3A protein expression with forelimb neurovascular anatomy is currently available to support this hypothesis.
To determine whether neurovascular congruency arises as a result of nerve-vessel interdependence, vascular structures suggested as candidates for nerve guidance were sought immunologically and by transmission electron microscopy (TEM). Evidence for interdependence was also sought more generally; for this purpose, peripheral nerve and vascular patterns were altered separately but examined simultaneously. To determine whether neurovascular congruency arises in a different way, from shared molecular patterning mechanisms, we analyzed the expression pattern of a candidate neural and vascular pattern effector protein, Sema3A. Furthermore, we have conducted functional misexpression studies with both Sema3A and its soluble NRP1 receptor to clarify the means by which neurovascular pattern is determined and maintained in the forelimb.
Materials and methods

Embryos
Quail embryos (Coturnix coturnix japonica) were obtained from Lago Game (Melbourne, Australia) and incubated at 38°C to defined stages (Hamburger and Hamilton, 1951) between E2 (HH13) and E10 (HH36).
Ex ovo whole quail culture
To facilitate microsurgical operations and analysis, all quail embryos were cultured ex ovo in six-well plates (Medos, Melbourne, Australia). Quail egg contents were transferred to the six-well plates at 40 h incubation. Embryos and yolk sacs that were damaged were discarded. The plated embryos were then returned to the incubator. All embryos cultured in this way were found to have normal development and morphology to at least E15 (HH41) (unpublished observations).
Whole-mount peripheral nerve and blood vessel labeling
This technique has been previously described (Bates et al., 2002) . The vasculature was labeled by intravascular perfusion with either India Ink (Pelikan No. 17 Black; Pol Equipment, Sydney, Australia) or TRITC-conjugated high m.w. dextran (D-7139; Molecular Probes, OR). Perfused embryos were immediately fixed in 4% PFA overnight at 4°C. Nerves were labeled with TUJI mouse monoclonal IgG antibody (Chemicon, Melbourne, Australia) diluted 1/250 overnight at 4°C followed by goat anti-mouse IgG Alexa 488 (Molecular Probes) secondary antibody diluted 1/100 overnight at 4°C. Antibodies were prepared in 1% BSA and 0.1% Triton X-100 (BDH Laboratory Supplies, UK). Forelimbs were analyzed in whole-mount or in thick sections with fluorescent stereomicroscopy (see Imaging methods below).
Frozen section immunolabeling
Our technique of frozen section immunolabeling has been previously described (Bates et al., 2002) . Briefly, sections were pretreated for 10 min with 100 l 1% BSA (Roche, Sydney, Australia) or 1% normal donkey serum (NDS; Jackson ImmunoResearch, PA) prior to application of the primary and secondary antibodies. Vascular smooth muscle cells were labeled with 1/200 mouse 1A4 monoclonal IgG anti-␣ smooth muscle actin (␣SMA) antibody (A2547; Sigma, St. Louis, MO). Cartilage was labeled with 1/100 CS-56 mouse monoclonal IgM anti-chondroitin sulfate antibody (C8035; Sigma). Skeletal muscle was labeled with 1/50 MF20 mouse monoclonal IgG antibody (Developmental Studies Hybridoma Bank, Iowa City, IA). Peripheral nerves were labeled with 1/200 rabbit polyclonal anti-Neurofilament M (NF-M) C-terminal antibody (AB1987; Chemicon Int'l, Melbourne, Australia). Endothelial cells were labeled with 1/50 QH-1 mouse monoclonal IgG antibody (Developmental Studies Hybridoma Bank). Semaphorin3A (Sema3A) was labeled with 1/50 anti-Sema3A (N-15) goat polyclonal antibody (sc-1148; Selby Biolab, Melbourne, Australia). Antibodies were prepared in 1% BSA (or 1% NDS if labeling Sema3A) and 0.1% Triton X-100. Goat anti-mouse IgG Alexa 488 (1/400; Molecular Probes) was used to label smooth muscle, cartilage, and endothelial cells. F(abЈ) 2 donkey anti-rabbit IgG (1/200; HϩL): Texas Red (Jackson ImmunoResearch, PA) was used to label peripheral nerves. Donkey anti-goat IgG (HϩL):FITC (Jackson ImmunoResearch, PA) was used to label Sema3A.
Imaging methods
Our imaging methods have been described previously (Bates et al., 2002) . Briefly, whole-mount forelimbs were transferred to a 3-cm petri dish in 90% glycerol for image analysis. Forelimbs were also cut freehand into thick (50 -300 m) sections by using a sapphire microscalpel (World Precision Instruments, Melbourne, Australia). Wholemount and sectioned forelimbs were visualized with the Leica MZ FL III (Leica Microsystems, Switzerland) fluorescent stereomicroscope. Images were captured with a Leica DC200 digital camera III (Leica Microsystems) and processed with proprietary Leica IM1000 software (Ver 1.10 Release 17). Brightfield, GFP3, and Texas Red fluorescent filter images were obtained with the specimen in the same orientation and at the same magnification and digitally overlaid. Images were captured as 1798 ϫ 1438 -pixel JPEG files. JPEG files were subsequently opened in Adobe Photoshop 5.0 (v5.0.2; Adobe Systems Inc., CA).
Forelimbs were positioned in a series of standard wholemount positions to view the neurovascular anatomy. These views were dorsal and ventral side up. Standard sections Fig. 1 . In-growing forelimb nerves are spatially associated with blood vessels composed only of endothelium but do not physically contact the endothelial cells along which they track. (A) Coronal section showing that nerves (green) maintained a close spatial relationship (arrowhead) with vascular smooth muscle (red) surrounding blood vessels at E7 (HH32). (B) Sagittal forelimb section showing that vascular smooth muscle did not line the majority of blood vessels along which peripheral nerves track at the time of nerve in-growth at E5 (HH26). ␣ Smooth muscle actin immunoreactivity (green) was confined to the proximal brachial artery (arrowhead) and dermomyotome (asterisk). Peripheral nerves [e.g., radial nerve (Rn)] were found greater than 500 m distal (level of dotted line) to the most distal distribution of vascular smooth muscle (arrowhead). (C) Coronal section at the level of the median artery bifurcation at E5 showing the close spatial relationship between endothelial cells (red) immunolabeled with QH-1 and peripheral nerves (green) immunolabeled with neurofilament M. Nerves (arrowheads) were always associated with one of four discrete endothelial layers (numbered I-IV). (D) Sagittal section of an E5 forelimb showing nerves growing distally along preformed endothelial layers (I-IV). Nerves appeared to use these layers exclusively as scaffolds along which to track. MA, median artery; Mn, median nerve. (E) TEM sagittal section showing that, although the Rn tracked alongside its corresponding blood vessel (MA), it appeared to diverge from it as it progressed distally (to the right). It was located approximately 20 m from the MA (distance indicated by dotted arrow). The largest blood vessel (i.e., MA) at E5.5 was composed of a single layer of endothelial cells (EC) that lacked a basal lamina. Inset indicates the region of the forelimb examined by TEM (black box).
were coronal and sagittal unless otherwise specified. Coronal sections were oriented with the dorsal surface uppermost and the posterior (postaxial) border of the forelimb to the right. Sagittal sections were oriented with the dorsal surface uppermost and the distal border of the forelimb to the right. The main axial artery was located in the same position and was the same caliber (arrow); the anterior marginal vein (arrowhead) and the avascular spaces (asterisks) developed in the same positions and in the same sequence. Blood vessels were labeled with India Ink (black), and peripheral nerves were immunolabeled with TUJ1 (green) in (C-F). (C) E8 (HH34) control forelimb showing the presence of peripheral nerves (PN) and the ulnar (UIA) and median (MA) arteries. The dotted line illustrates the plane through which the coronal section was cut (insets in C and D), illustrating normal capillary layer formation in both control (C) and aneural (D) forelimbs. (E) E10 (HH36) control forelimb showing the differential remodeling of the ulnar artery (increase in caliber) that also occurred in the aneural (F) forelimb.
Transmission electron microscopy
E5.5 (HH27-HH28) quail embryos were fixed overnight at 4°C in 2.5% glutaraldehyde and washed three times in PBS. Forelimbs were dissected from the embryo and manually sectioned in the sagittal plane 100 m to the preaxial side of the median artery. The postaxial portion of the sectioned forelimb was placed in 30% ethanol and then washed in 5% sucrose in 0.1 M phosphate buffer. The tissue was dehydrated through a graded series of acetone solutions and embedded in epon-araldite. Ultra-thin sections were cut on a Reichert-Jung Ultra-S microtome and collected on Cu/Rh grids. The sections were stained with uranyl acetate and lead citrate and viewed on a Phillips CM-12 Transmission Electron Microscope at 80 kV.
Neural tube excision
Neural tube excisions were performed as previously described (Noakes et al., 1988; Teillet and Le Douarin, 1983) . Briefly, neural tubes were excised from HH12-HH13 embryos (less than 19 somites) from somite 12 to presumptive somite 23. E6 (HH29) embryos were perfused with TRITCconjugated high m.w. dextran, numbered, and photographed in whole mount prior to fixation. Whole-mount peripheral nerve immunolabeling was then performed on these specimens to determine which forelimbs had either no or a significant reduction in peripheral nerves. These results were then correlated with the images of the vascular pattern that had already been obtained. E8 and E10 embryos were perfused with India Ink, fixed, and immunolabeled. Peripheral nerve and blood vessel patterns were then imaged simultaneously in whole mount. For a forelimb to be assessable at each time point, each experimental embryo had to fulfill the following criteria: embryo survived to the appropriate stage without gross structural or functional abnormalities; adequate intravascular perfusion; and peripheral nerve immunolabeling.
Bead implantation
Forelimb bead implantations (Yang et al., 1997) were performed in E4.5-E5 (HH25-HH26) embryos. Dehydrated Cibacron blue 3GA beads (C1535; Sigma) were transferred to 2 l of protein solution (see below) and allowed to soak for 1-2 h at 4°C. For hypervascularization experiments, VEGF 165 (10 g/ml; generously supplied by Dr. Lynn Barnett, WEHI, Melbourne, Australia), VEGF 164 (10 g/ml; generously supplied by Dr. Steven Stacker, Ludwig Institute, Melbourne, Australia), VEGF 165 (10 g/ml; R&D Systems, MN), VEGF 121 (50 g/ml; R&D Systems), and Angiopoietin-1 (1.24 mg/ml; generously supplied by Dr. George Yancopoulos, Regeneron Pharmaceuticals Inc., NY) were used. The two sources of VEGF 165 and VEGF 164 yielded the same experimental results and are treated together. When VEGF 165 and Angiopoietin-1 (Ang-1) were used in combination, their concentrations were 5 and 620 g/ml, respectively. For hypovascularization experiments, recombinant soluble human Flt-1/F c chimeric protein (0.5 mg/ml; R&D Systems) was used. Sema3A antibody (200 g/ml) and chick Sema3A crude supernatant (see Cell culture below) were also used. All beads were implanted into right upper limbs. Left upper limbs served as internal controls. Embryos receiving beads soaked in PBS-and EGFPtransfected culture media served as additional controls. After bead implantation, embryos were returned to the incubator and allowed to develop to E5.5-E6 (HH28 -HH29), at which time forelimb analysis was performed. Changes in the neurovascular pattern in experimental embryos were compared with both sets of controls at E5.5-E6. Experimental analysis could only be performed in those embryos that fulfilled all of the following criteria: embryo survived to E5.5-E6 without gross abnormalities; bead remained in the limb; bead in correct location (both in terms of blood vessel and peripheral nerve trajectories); and adequate intravascular perfusion and peripheral nerve immunolabeling.
Neural tube explants
Neural tubes (between somites 15-20) were isolated from E2 quail embryos (HH13-HH14) and cultured on adsorbed fibronectin (20 g/ml; Roche Diagnostics GmbH, Switzerland) as previously described (Newgreen and Minichiello, 1995) . Neural tube cultures were divided into different groups receiving either control media (10% FCS/F12) or media supplemented with one of the following proteins: Sema3A (1:500 dilution of crude supernatant in 10% FCS/F12); Ang-1 (1.24 g/ml 10% FCS/F12); soluble human Flt-1/F c chimeric protein (500 ng/ml 10% FCS/F12); nerve growth factor 7S (100 ng/ml 10% FCS/F12; Roche, Sydney, Australia); VEGF 121 (50 ng/ml 10% FCS/F12); VEGF 165 (50 ng/ml 10% FCS/F12); and VEGF 165 and Ang-1 combination (50 ng/ml and 1.24 g/ml 10% FCS/F12, respectively). Culture media were replaced daily for 3 days. Neural tubes were then fixed in 4%PFA for 10 min and then thoroughly washed in PBS. Cultures were pretreated for 10 min with 1% BSA prior to application of the antibodies. Peripheral nerves were labeled with 1/200 NF-M for 4 h at 4°C. Cultures were thoroughly washed in PBS and then labeled with 1/400 goat anti-rabbit IgG Alexa 488 (Molecular Probes) for 2 h. Cultures were washed in PBS again and visualized with the Leica MZ FL III fluorescent stereomicroscope. Axon outgrowth was analyzed with Scion Image Beta 4.0.2 software (Scion Corporation, MD). The following measurements were recorded: (1) axon density (total number of axons emerging from one side of the neural tube divided by neural tube length); (2) mean axon length (the lengths of the five longest axons were measured and the mean calculated). Data were recorded and analyzed in Microsoft Excel 97 by using the unpaired Student's t test.
Mouse sNRP1 cDNA cloning
Soluble NRP1 cDNA was cloned by 3Ј RACE (rapid amplification of cDNA ends). First-strand oligo(dT)-primed cDNA was synthesized from 2 g of mouse liver mRNA, and PCR was performed by using primers 5ЈNRP1b1 (GT-GTTCATGAGGAAG) and 3ЈBamHI dT (CCCTTCGGA-TCCTAACCTTTTTTTTTTTTTTTTT); a secondary PCR was performed by using the first PCR as template and nested primers 5ЈNRP1b2 (ATCATGGATGACAGCAAG-CGC) and BamHI (CCCTTCGGATCCTAACC). A 580-bp PCR product was cloned by using the TOPO-TA cloning kit (Invitrogen). The 3ЈcDNA clone sequence was identified as a truncated NRP1 (sNRP1) cDNA. The full-length mouse sNRP1 was amplified from mouse liver cDNA by PCR using primers 5Ј-NRP1a (ATGGAGAGGGGGCTGCGG-TT) and 3ЈsNRP1 (CAGATAAGTATGTGAGCCCAAG-TGC) and subsequently cloned into pCDNA3.1 mammalian expression vector.
Plasmid preparation
Plasmid DNA was purified by using a plasmid purification kit (Qiagen, Melbourne, Australia) and was dissolved in MQ water. The expression plasmid pAG3 containing full-length chicken collapsin-1 (Sema3A) cDNA was the generous gift of Dr. Jonathan Raper (Department of Neuroscience, University of Pennsylvania).
Cell culture
BHK-21 cells were obtained from ICN Biomedicals (Sydney, Australia). Cells were cultured in 10% FCS/F12. BHK-21 cells were transiently lipofectamine-transfected to express Sema3A. Control cells were lipofectamine-transfected with pEGFP-N2 (Clontech, Palo Alto, CA). Cibacron beads were soaked in crude supernatants prior to implantation.
Neural tube electroporation
Neural tube electroporation was performed as previously described (Inoue and Krumlauf, 2001; Itasaki et al., 1999; Swartz et al., 2001) . Briefly, a solution [9 l purified pCDNA3.1 sNRP1 (1 mg/ml), 9 l pEGFP-N2 (1 mg/ml) and 2 l 0.4% Trypan Blue in PBS] was injected to fill the caudal neural tube of E2 (HH13) quail embryos. Control solutions contained 9 l pEGFP-N2 (1 mg/ml) and 1 l 0.4% Trypan Blue in PBS. A BTX ECM 830 square-wave electroporator with 3-mm L-shaped gold tip electrodes (Fisher Biotec, Melbourne, Australia) was used to generate electric pulses across the neural tube. Parameters for neural tube electroporation were: 25 V; 3 pulses; 50-ms pulse length. After electroporation, embryos were returned to the incubator for 24 h, after which they were examined for GFP expression. GFP expression was used as an indirect indicator of successful electroporation. Embryos were reincubated until E5-E6 (HH26 -HH29), at which time forelimb analysis was performed.
Results
In-growing forelimb nerves are not directly associated with vascular smooth muscle or endothelial cells
Vascular smooth muscle has been suggested to provide guidance and/or trophic factors for nerves (see . Forelimb hypervascularization did not alter forelimb peripheral nerve pattern. (A) Ventral whole-mount of an E5.5 (HH28) control forelimb. Implantation of control (PBS-or EGFP-transfected culture media soaked) beads (dotted arrow) were not associated with changes in either the peripheral nerve [e.g., median nerve (Mn)] or vascular pattern. Capillaries remained ventral to and did not converge toward the bead. (B) Ventral whole-mount of an E5.5 forelimb into which a VEGF 165 -soaked bead has been implanted (dotted arrow). Blood vessels (black) deviated toward the bead (indicated by multiple arrowheads), but the adjacent Mn maintained a normal trajectory. (C) Sagittal section of a control E6 (HH29) forelimb showing that the radial (Rn) and Mn neurovascular bundles diverged normally to enclose an avascular space. Nerves and blood vessels did not deviate toward the control (PBS) bead (arrowhead). (D) Sagittal section of an E6 forelimb into which a VEGF 165 -soaked bead has been implanted (arrowhead). Ectopic blood vessels formed (arrow) and coalesced around the bead in the normally avascular space. The Rn and Mn did not use these neo-vessels as alternative pathways on which to track, nor did they appear to be guided toward them. (E) Ventral whole-mount view of a control E5.5 forelimb showing that the proximal trajectory of the ulnar nerve (Uln) was not altered by the presence of a control (PBS) bead (arrowhead). (F) Ventral whole-mount view of an E5.5 forelimb into which a VEGF 165 -soaked bead has been implanted (arrowhead). The Uln pursued an abnormal trajectory around the bead that appeared to be acting as a physical barrier to axon outgrowth. tion). If vascular smooth muscle was absent on forelimb blood vessels, along which nerves extend in vivo, this would not be consistent with the notion that vascular smooth muscle was an important determinant of forelimb neurovascular congruency. ␣SMA and NF-M double immunolabeling showed that nerves were closely associated with vascular smooth muscle surrounding forelimb blood vessels at E7 (HH32) (Fig. 1A) ; however, during nerve in-growth at E5 (HH26), ␣SMA immunoreactivity was confined to the dermomyotome and proximal brachial artery and was not associated with the other forelimb blood vessels along which nerves track (Fig. 1B) . Hence, early congruent neurovascular spatial relationships were unlikely to arise from an effect of vascular smooth muscle on in-growing nerves.
QH-1 and NF-M double immunolabeling of sectioned E5 quail forelimbs demonstrated the endothelium of lumenized blood vessels along which nerves track ( Fig. 1C and D) . Four discrete layers of endothelial cells that form capillaries in stereotypic positions in the D-V axis of the forelimb were well defined despite other cells (e.g., hematopoietic cells) also being labeled. Furthermore, nerves appeared to have a close spatial relationship to the endothelial cells that formed lumenized blood vessels by fluorescence microscopy. To determine whether nerves use these endothelial cells as a direct substrate along which to extend, we performed transmission electron microscopy on five E5.5 (HH27-HH28) forelimbs. Coronal sections demonstrated that even the largest forelimb blood vessels (e.g., median artery) did not appear to have a basal lamina and were comprised of a single layer of endothelial cells (data not shown). Sagittal sections showed that nerves were several cell diameters (5-20 m) away from the endothelial cell layer along which they appeared to track (Fig. 1E ). Furthermore, the more distal nerve growth cones appeared to diverge even further from the endothelial cell layer.
Forelimb vascular pattern develops normally in the absence of nerves
To investigate whether nerves determine the forelimb vascular pattern, we performed 101 neural tube excisions. To completely remove forelimb nerves, neural tubes were excised from embryos of less than 19 somites from somite 12 to presumptive somite 23. The results of these experiments are summarized in Table 1 .
Of the 101 embryos which underwent neural tube excision, 20 forelimbs had either no or a gross reduction in the number of nerves. The vascular pattern was analyzed at three separate time points and was normal in all aneural forelimbs.
Four E6 (HH29) totally aneural forelimbs were compared in detail with control limbs since, at this stage, most major forelimb arteries and veins have formed. In these limbs, both the arterial and venous blood vessels were located in the same positions as controls ( Fig. 2A and B) . The branches of these blood vessels were given off in the same location, sequence, and at the same time as control forelimbs. Furthermore, all blood vessels were found to be the same caliber as controls. For example, in all four aneural E6 forelimbs, the median artery was found to lie centrally and was parallel with the long axis of the limb. Consistent with the stage of development, the median artery divided distally into dorsal and ventral branches. The anterior and posterior marginal veins also formed normally along the pre-and postaxial forelimb margins, respectively. The capillary plexus was also found to be normal in aneural limbs. Avascular spaces in the autopod corresponding to the future digits formed in the same locations and in the same sequence as control limbs.
The vascular pattern in E8 (HH34) aneural forelimbs was also analyzed for two reasons. First, the adult vascular pattern is not fully established until E8 (Bates et al., 2002) , so there was a possibility that further vascular development would not occur appropriately in the absence of nerves. Second, the small subset of blood vessels that appear to follow the trajectory of their corresponding nerves does not form until after E6. We reasoned that these blood vessels might be particularly susceptible to the absence of nerves for their formation and correct patterning. However, in the seven E8 forelimbs that did not contain any nerves, the blood vessel pattern was identical to controls ( Fig. 2C and  D) in the three spatial axes of the developing forelimb ( Fig.  2C and D, insets) .
We were also interested to see whether the absence of nerves might predispose to subsequent vascular regression. To address this question, we also analyzed two aneural forelimbs at E10 (HH36). In both forelimbs, vascular remodeling continued to occur. For example, as in control limbs, the ulnar artery became larger than the median artery and constituted the dominant arterial supply ( Fig. 2E and F) .
Forelimb nerve pattern develops normally despite alterations to the vascular pattern
We employed two different experimental strategies to determine whether the vascular pattern determines the developing forelimb nerve pattern in the quail embryo forelimb. The aim of both sets of experiments was to alter the vascular pattern. In the first series of experiments, the forelimb was made hypervascular by either increasing the size or the number of blood vessels. In the second series, we aimed to make the forelimb avascular. In both sets of experiments, the alteration to the vascular pattern was made focally and close to the trajectory of a future in-growing nerve. Beads were implanted into the developing forelimb prior to nerve in-growth. The results of the bead experiments are summarized in Table 2 . In all 136 control bead implantations, both the peripheral nerve and blood vessel patterns were found to be normal (Fig. 3) .
Hypervascular upper limbs have a normal peripheral nerve pattern
VEGF 164 and VEGF 165 yielded similar results and are treated together as VEGF 164/165 . Fifteen of 24 (63%) forelimbs receiving beads soaked in VEGF 164/165 had focal increases in vascularity. The vascular changes included focal hemorrhage, blood vessel dilation, blood vessel deviation toward the bead, and neovascularization (i.e., new and ectopic blood vessel formation). In 12 of these 15 cases (80%), the nerve pattern was normal; the remaining three are discussed further below.
VEGF 121 -soaked beads also produced changes in the vascular pattern that were similar to the changes induced by VEGF 164/165 -soaked beads. Blood vessel pattern was similarly altered by Ang-1; however, the effect of Ang-1 alone was less than VEGF 164/165 alone. Hemorrhage was not seen in the VEGF 121 -or Ang-1-treated limbs. Six of 9 (66%) forelimbs receiving beads soaked in either human VEGF 121 or Ang-1 had focal increases in vascularity, none of which was associated with abnormalities in the forelimb nerve pattern. When VEGF 165 was combined with Ang-1, the effect on the vascular pattern was greater than VEGF 164/165 or Ang-1 alone (data not shown). Adjacent blood vessels appeared to undergo intercalation to form fewer, much larger blood vessels.
In hypervascularization bead experiments, blood vessels were often increased in number and directed toward the bead. Nerves did not deviate from their normal trajectories to accompany these aberrant blood vessels (Fig. 3B) . Similarly, in those cases in which blood vessels were induced to grow in areas not normally vascularized ( Fig. 3C and D) , nerves did not use the neo-vessels as pathways along which to track.
In 4 of 19 cases (21%) in which bead implantation (VEGF 164/165 and VEGF 165 ϩ Ang-1 groups combined) caused forelimb hypervascularization, nerve formation or trajectory was also found to be different to controls (Fig.  3E) . In 3 of these cases, the bead appeared to be acting as a physical barrier to axon outgrowth (Fig. 3F) , and in 1 case, a nerve branch appeared to be defasciculated in the vicinity of the bead (data not shown). In all of these cases, the changes in the forelimb nerve pattern were not spatially congruent with changes in the vascular pattern. Nerves in the remaining 15 hypervascularized forelimbs (79%) were not observed to be hypertrophic or defasciculated, and they followed the same pathways as in control limbs.
Hypovascular upper limbs have a normal peripheral nerve pattern
Seven of 15 (47%) forelimbs containing beads soaked in soluble human Flt-1/F c chimera protein (sFlt-1/Fc) had focal decreases in vascularity. Beads that were implanted in normally avascular regions of the forelimb could not be assessed. In 4 of 7 forelimbs, focal areas of hypo-and avascularity were present along the trajectory of a forelimb nerve. In all hypovascularization experiments, both the arteries and the capillary layers along which nerves normally track were affected.
Capillaries were found to be absent or decreased in number either proximal to or in the immediate vicinity of the bead (Fig. 4A) . A decrease in the density of capillaries distal to a growing nerve did not result in a change in its trajectory (data not shown). Similarly, if the capillary layer along which a nerve normally tracked was absent, the nerve still maintained a normal trajectory (Fig. 4B-D) . Forelimb nerve branches formed in the same location, at the same angle, and at the same developmental time as controls. Nerve development was not retarded, and the morphology of nerves traversing experimental avascular areas was normal.
Vascular factors have little effect on spinal axon outgrowth in vitro, but Sema3A is a negative regulator
To determine whether the proteins used in the bead implantation experiments directly affected peripheral nerve outgrowth, we cultured E2 (HH13) neural tubes (forelimb level) for 3 days in medium supplemented with these proteins. A total of 29 neural tubes was analyzed. No statistically significant differences in axon density were observed in any of the experimental groups. The mean length of outgrowing axons from neural tubes was significantly reduced in culture medium supplemented with Sema3A (P ϭ 0.05). In contrast, mean axon length was increased (compared with controls) in those neural tubes cultured in medium supplemented with either NGF or VEGF 165 ; however, these increases were not statistically significant. Medium supplemented with Ang-1, sFlt-1/F c , VEGF 121 , or VEGF 165 ϩ Ang-1 did not have a statistically significant effect on mean axon length in vitro.
Distribution of Sema3A immunoreactivity is consistent with negative regulation of neurovascular patterning
Frozen section immunolabeling of E6 -E6.5 (HH29 -HH30) forelimbs with Sema3A antibody was consistent with a negative regulation of neurovascular patterning (Fig.  5A-D) . Sema3A was expressed between capillary layers I and II and between capillary layers III and IV. This distribution pattern matched the distribution of skeletal muscle by MF20 antibody frozen section immunolabeling (data not shown).
To determine whether the temporal expression pattern of Sema3A was consistent with negative regulation of neurovascular patterning, frozen section double immunolabeling was performed in E5 (HH26) forelimbs at the time of nerve in-growth. Sema3A protein was expressed proximally in the dermomyotome (Fig. 5E ) but was absent distally at the level of the growing nerve front (Fig. 5F ).
Sema3A misexpression is associated with abnormalities in both nerve and blood vessel patterning in the forelimb
We employed two different experimental strategies to determine whether Sema3A has a functional role in the determination of neurovascular pattern. In the first series of experiments, Sema3A-soaked beads were implanted into the developing forelimb at two time points: (1) prior to nerve in-growth at E4.5 (HH25); and (2) during nerve ingrowth at E5 (HH26). In the second series of experiments, beads soaked in Sema3A antibody were implanted at E4.5. The results of these bead experiments have been combined in Table 2 .
Ectopic Sema3A causes altered nerve patterns and hypovascularization in the developing forelimb
Three of five (60%) assessable forelimbs of embryos receiving Sema3A-soaked beads at E4.5 (HH25) had forelimb nerve and blood vessel distribution patterns that were different from controls (Fig. 6A) . Nerve abnormalities in-cluded altered trajectories (Fig. 6B) , deviation away from the bead (Fig. 6C and D) , and failure of nerve branches to form ( Fig. 6E and F) . The width of major forelimb nerves (e.g., radial and median nerves) was also smaller than control limbs (data not shown).
Ectopic Sema3A also induced changes in the vascular pattern that were spatially associated with nerve abnormalities. Vascular abnormalities included a reduction (decrease in capillary density) or absence of the capillary layers along which forelimb nerves normally track ( Fig. 6D and F) . Major blood vessels (e.g., median artery) were reduced in caliber and deviated away from the bead. In some cases, blood vessels were replaced by a disorganized array of endothelial cells revealed by QH-1 antibody immunolabeling (data not shown). Three of seven (43%) assessable forelimbs of embryos receiving Sema3A-soaked beads at E5 (HH26) had subtle changes in the forelimb nerve pattern. Nerves deviated away from the bead but assumed a normal trajectory further distally (data not shown). In contrast to the subtle changes in the nerve pattern, changes in the vascular pattern were as profound as those observed in the E4.5 Sema3A bead implantations. Blood vessels were again reduced in caliber or were absent and replaced by a disorganized array of endothelial cells (Fig. 6G and H) .
Ectopic Sema3A antibody causes forelimb hypervascularization without a change in the peripheral nerve pattern
Two of three assessable forelimbs of embryos receiving Sema3A antibody-soaked beads at E4.5 (HH25) caused significant changes to the developing vascular pattern compared with controls ( Fig. 7A) . Abnormalities in the vascular pattern were not associated with changes in the forelimb nerve pattern or nerve defasciculation (data not shown). Capillaries surrounding and proximal to the bead were disorganized, dilated, and converged toward the bead (Fig. 7B ). Blood vessels were also found to grow toward and around the bead in normally avascular spaces, and there was a contraction of the space between capillary layers I and II (Fig. 7C and D) .
Electroporation of sNRP1 in neural derivatives causes abnormalities in the formation and patterning of nerves and blood vessels in the forelimb
The neural tubes of 46 E2 (HH13) quail embryos were electroporated with cDNA constructs for sNRP1 and EGFP (sNRP1 ϩ GFP). Thirty-six neural tubes were electroporated with EGFP constructs alone and served as controls. Of the 23 sNRP1/GFP electroporated embryos that survived to E5-E6 (HH26 -HH29), 22 (96%) expressed EGFP in the neural tube opposite the forelimb at E3 (HH20). Seven of 22 (32%) were found to have significant abnormalities in neurovascular development and pattern formation. In contrast, there were no neurovascular abnormalities in the 13 control GFP-positive embryos surviving to E6. These results are summarized in Table 3 .
In some cases, forelimb nerves were defasciculated ( Fig.  8A and B) , and in others, there was a severe disruption in the peripheral nerve pattern. For example, brachialis longus inferior and brachialis longus superior joined proximally in the forelimb to give rise to an aberrant preaxial nerve branch not seen in controls (Fig. 8E and F) . In other cases, abnormal peripheral nerve branches could not be identified by standard nomenclature.
Abnormalities in the vascular pattern accompanied the abnormalities in the peripheral nerve pattern. In some cases, changes to the neurovascular patterns were congruent ( Fig.  8C and D) , and in others, they were not (data not shown). Changes to the vascular pattern included ectopic blood vessels that were interconnected in an abnormal configuration that resembled a vascular malformation (Upton et al., 1999) . In other cases, blood vessels appeared to be dilated to form a punctate globular pattern and were associated with extravasation of blood into the limb mesenchyme (Fig. 8G ). In one case, an ectopic digit formed on the preaxial border of the forelimb (data not shown).
Discussion
Nerve and blood vessel anatomical patterns in the forelimb of vertebrate adults are branching, complex, stereotypic, and highly conserved in vertebrates (Coleman and Anson, 1961; Mackinnon and Dellon, 1988; Taylor et al., 1994; Taylor and Minabe, 1992) . These patterns are established during embryogenesis (see Introduction). We have previously examined in detail the nerve and blood vessel pattern in over 1600 whole-mount quail embryo forelimbs from E2 to E15 (HH13-HH41) (Bates et al., 2002) . Peripheral nerves were always found to track on one of four capillary layers in the D-V axis of the forelimb. These capillary layers were composed only of endothelium, and as patent vessels, could be best appreciated with India Ink injection and examination in whole mount (Bates et al., 2002) . These capillary layers were present in the forelimb prior to nerve in-growth, and the timing and spatial relationship were consistent with the nerves using these capillaries as a scaffold along which to extend. Furthermore, neurovascular congruency has also been observed in the A-P and P-D axes of the developing forelimb (Bates et al., 2002) . The leading axons of forelimb nerves (e.g., median nerve) extended along and around the largest blood vessels (e.g., median artery) in the A-P axis. However, in certain control specimen. (F) Dorsal whole-mount view showing the effect of a Sema3A-soaked bead on peripheral nerve and blood vessel formation (area enclosed by dotted circle). Cutaneous nerves and capillaries failed to form. (G) Sagittal section of an E6 control specimen immunolabeled with QH-1 (red) to reveal the distribution and organization of endothelial cells. Capillary layers II and III converged to form the large median artery (asterisk) in the center of the forelimb. (H) Implantation of Sema3A-soaked beads at E5 caused decreased capillary tube formation (arrows) and a disorganized distribution of endothelial cells. Capillary layers II and III did not converge to form the MA.
cases (see below), discrete nerves foreshadowed the course of blood vessels. These spatiotemporal relationships are consistent with nerves acting as guides for angiogenesis in certain cases, while in most cases, the blood vessels appear to act as guides for nerve extension.
As a technical note, there are several markers for avian vascular cells (Herzog et al., 2001; Labastie, 1989; Peault et al., 1983; Wilting et al., 1997) . QH-1 is an antibody marker of quail endothelial and hematopoietic cells (Pardanaud et al., 1987) and periderm (Brand-Saberi et al., 1995) . However, QH-1 immunoreactivity is not restricted to lumenized vessels in the forelimb of the quail embryo. Hence, wholemount immunolabeling with QH-1 does not facilitate analysis of the pattern of lumenized blood vessels in the forelimb because of diffuse fluorescence due to the large number of cells labeled outside the lumenized vessels (data not shown). However, frozen section immunolabeling with QH-1 was able to demonstrate the four discrete layers of endothelial cells that form capillaries in stereotypic positions in the D-V axis of the forelimb (Bates et al., 2002) .
Nerves do not guide the development of the vascular pattern
In most cases, blood vessels occupy stereotypic positions in the forelimb before nerves but there are several exceptions to this rule (e.g., the cranial branch of the ulnar nerve). The adult quail vascular pattern is established in the embryo at E8 (HH34) but undergoes differential remodeling events (e.g., changes in the caliber of blood vessels) such that, by E10 (HH36), the ulnar artery has replaced the median artery as the dominant (largest) limb forelimb blood vessel. This remodeling occurs in the presence of preexisting nerves adjacent to the blood vessels. In their study of neurovascular relationships in the skin, and Mukouyama et al. (2002) suggested that peripheral nerves may (1) induce certain vessels to form and/or (2) modify existing vascular patterns. Mukouyama et al. (2002) suggest that peripheral sensory nerves are required for the differentiation of small-diameter skin arteries, but evidence supporting a role for nerves in the determination of vascular patterning in major axial vessels is much less convincing. This study did not examine the pattern of major axial blood vessels (where we have observed the highest degree of neurovascular congruency) in either the ErbB3 or the Neurogenin1/Neuroge-nin2 knockout mice on which their conclusions are based. Furthermore, without specifically knocking out the ErbB3 gene in Schwann cells, quantifying changes in VEGF expression in ErbB3 mutants and analyzing cocultures of ErbB3 Ϫ/Ϫ endothelial cells with wild type dorsal root ganglia (and vice versa) in terms of their ability to differentiate, it is difficult to ascertain whether the changes in vascular pattern observed in their study are directly attributable to changes in the peripheral nerve pattern.
To address the question of whether nerves are required for the formation of a normal vascular pattern (i.e., capillary layers and major named axial vessels), we analyzed the vascular pattern in aneural quail forelimbs at three separate time points (E6, E8, and E10). In all cases, the vascular pattern was found to be normal in the absence of nerves. Major arteries and veins were found in the same positions as controls, and vascular branches formed in the correct sequence, at the correct time, and in correct locations. In particular, those blood vessels that appeared to follow the trajectory of a nerve formed normally in the absence of that nerve. Capillary layers were formed normally, and avascular spaces were indistinguishable from controls. Furthermore, differential vascular remodeling proceeded normally up to E10 in the absence of forelimb nerves. Hence, we conclude that nerves are not required for the formation of a normal vascular pattern, nor for the later remodeling events that produce the adult pattern in the quail forelimb.
Blood vessels do not guide the development of the peripheral nerve pattern
In-growing nerves do not physically contact vascular smooth muscle or endothelium
In contrast to the vertebrate embryo, all blood vessels in the vertebrate adult are lined by endothelium and, except for capillaries, are surrounded by one or more layers of smooth muscle cells (DeRuiter et al., 1997) . The lining of forelimb blood vessels with vascular smooth muscle commences in a P-D direction (Takahashi et al., 1996) . The timing of this event is poorly characterized in avian embryos (Drushel et al., 1985; Vargesson and Laufer, 2001 ) but appears to occur around E5 (HH26), well after the earliest forelimb blood vessels have formed at E2.5 (HH17). Hence, vascular smooth muscle is a poor marker of early forelimb vasculature. Nerve in-growth also occurs relatively late during forelimb development (see Introduction), and it is not known whether the appearance of vascular smooth muscle provides the earliest in-growing axons with a favorable substrate on which to grow. To determine whether vascular smooth muscle might normally support the nerve outgrowth in vivo, we performed double fluorescent immunolabeling for ␣SMA (vascular smooth muscle) and NF-M (peripheral nerves). Spatiotemporal analysis of vascular smooth muscle and nerve distribution in quail embryo forelimbs did not support the hypothesis that peripheral nerves initially track along blood vessels because of the presence of vascular smooth muscle. The in-growing nerve front was found to lie distal to the distribution of vascular smooth muscle at E5-E5.5 (HH27-HH29). For example, the radial and ulnar nerves tracked along blood vessels that did not contain any vascular smooth muscle in their walls by ␣SMA immunoreactivity. We conclude that vascular smooth muscle is not a prerequisite for initial axon outgrowth in vivo.
Endothelium (QH-1) and NF-M double immunolabeling suggested a close spatial relationship between all forelimb nerves and endothelial cell-lined blood vessels during the period of nerve in-growth and pattern formation (E3.5-E8). Fig. 7 . Ectopic Sema3A antibody in the developing forelimb caused abnormalities in vascular patterning. (A) Dorsal whole-mount of an E6 (HH29) forelimb implanted with a PBS control bead (arrowhead points to bead). This did not alter the trajectory of the median artery (MA) or the size of its dorsal branch (arrow). (B) Dorsal whole-mount of an E6 (HH29) forelimb into which a Sema3A antibody-soaked bead has been implanted. Capillaries (black) surrounding the bead (enclosed by dotted circle) were dilated, disorganized, and appeared to converge on the bead. The dorsal branch of the median artery (arrow) is smaller than the control limb and has an aberrant trajectory. (C) Coronal section of an E6 control forelimb showing capillary layers I and II normally enclosing a large avascular space (asterisk). (D) Coronal section of an E6 forelimb into which a Sema3A antibody-soaked bead has been implanted showing capillaries converging around the bead (arrowhead) and convergence of capillary layers I and II (arrows) that appeared to obliterate the normally avascular space between these two layers. Endothelial cells formed well-defined capillary layers along which nerves appeared to extend. We therefore performed TEM at E5.5 (HH29) to clarify the physical relationship between in-growing nerves and endothelial cells in the forelimb of the quail embryo. Forelimb nerves were located 5-20 m away from the endothelial cell layer along which they appeared to extend by light microscopy. The nerve growth cones appeared to diverge from the endothelial layer as they progressed distally into the forelimb. These findings are consistent with the observation of Tosney et al. (1985) that the intersomitic blood vessels lie 30 -40 m anterior to the spinal nerve pathway. Furthermore, our finding that blood vessels were composed of a single layer of endothelial cells lacking a basal lamina was also consistent with earlier studies (Caplan, 1985; Drushel et al., 1985) . In agreement with Tosney et al. (1985) , the hypothesis that blood vessels or their basal lamina ECM were providing a direct substrate for peripheral nerve outgrowth and patterning was not supported by our results. The possibility that the vasculature influenced the peripheral nerve pattern by providing diffusible guidance cues, trophic factors, or more distant ECM remained to be excluded.
Alteration of vascular pattern does not alter nerve pattern
To determine whether the vasculature influenced the peripheral nerve pattern by providing diffusible guidance cues, distant ECM or trophic factors, we focally altered the vascular pattern prior to peripheral nerve in-growth to that region. VEGF 165 , VEGF 121 , and Ang-1-soaked beads caused increases in vascular density, increases in blood vessel size, blood vessel deviation toward the bead, and neovascularization in all regions of the developing forelimb. These findings are consistent with studies that observed the formation of supernumerary blood vessels in normally avascular regions after vascular growth factor application (Drake and Little, 1995; Flamme et al., 1995; Suri et al., 1998; Wilting et al., 1996; Yin and Pacifici, 2001) . In contrast, other studies have shown that overexpression of vascular growth factors is only associated with increases in vascular density, diameter, and permeability in permissive areas (regions that are vascularized during normal development) (Flamme et al., 1995; Suri et al., 1998) . We find that, although neovascularization can be induced by vascular growth factors in all forelimb regions (including avascular regions), there exists a spatial hierarchy of permissiveness. Neovascularization occurs most readily in normally vascularized areas, less readily in the regions between capillary layers I and II and between capillary layers III and IV (dorsal and ventral muscle masses, respectively), and least readily between capillary layers II and III (prechondrogenic mesenchyme).
Despite significant alterations to the vascular pattern, the majority of in-growing forelimb nerves did not change their trajectory to accompany aberrant blood vessels. Thus, blood vessels did not appear in general to be guiding nerves or providing them with an alternative pathway on which to track. In four cases, the pattern of peripheral nerves was observed to change. In these cases, the changes in peripheral nerve trajectory were not spatially congruent with changes in the vascular pattern, and the bead appeared to be physically obstructing nerve outgrowth. However, the possibility that VEGF 165 was acting directly on forelimb nerves Sondell et al., 1999a Sondell et al., , 1999b Sondell et al., , 2000 remained to be excluded (see below).
The soluble form of flt-1 (VEGF receptor 1) is a potent antagonist of VEGF signaling (Chen et al., 2000; Kendall and Thomas, 1993) and vasculogenesis (Drake et al., 2000) . Bead experiments with sFlt-1/F c significantly decreased or abolished the formation of capillary layers or specific arteries. Capillaries were reduced in number immediately surrounding and proximal (in the region of draining veins) to the bead. Despite absence of the capillary scaffold upon which nerves were observed to track, the forelimb nerve pattern remained normal and the morphology of nerves was the same as control specimens. The simplest conclusion from these results is that the vasculature does not determine forelimb nerve pattern.
Molecular evidence is consistent with the possibility that changes to the forelimb nerve pattern seen in association with VEGF 165 bead application in this study could be due to a direct effect of VEGF 165 on these nerves. Recent studies have suggested that VEGF 165 has neurotrophic effects in vitro Sondell et al., 1999a Sondell et al., , 2000 and in vivo (Schratzberger et al., 2000 (Schratzberger et al., , 2001 Sondell et al., 1999b) . VEGF 165 binds to both NRP-1 and flk-1 and both of these receptors are present on nerves (Sondell et al., 1999a,b; Takagi et al., 1987) . Although some studies suggest that the neurotrophic effects of VEGF 165 are mediated through the flk-1 receptor directly Sondell et al., 1999a Sondell et al., , 2000 , evidence also points to the NRP1 receptor. To determine whether changes to the peripheral nerve pattern in a few of our hypervascularization experiments with VEGF 165 (see above) may be attributable to a direct neurotrophic effect, we performed neural tube cultures supplemented with VEGF 165 , VEGF 121 , Ang-1, and VEGF 165 /Ang-1 combined. Effects of VEGF 165 on mean axon length was not significantly different from controls (P ϭ 0.27). Our results suggest that the changes in forelimb nerve pattern seen in a few cases with VEGF 165 in vivo were not due to a direct effect of VEGF 165 on peripheral nerves. Differences in the experimental model, VEGF 165 concentration, and in the method of axon length measurement may account for the different results seen in other studies.
The congruency of nerve and vascular anatomical pattern depends on similar molecular mechanisms that underlie the patterning of both tissues
Our results are not consistent with the hypothesis that neurovascular congruency arises from interdependence between nerves and blood vessels. This suggests that neurovascular pattern (and by default, neurovascular congruency) may arise by shared patterning mechanisms. Forelimb nerves and blood vessels avoid cartilage, muscle, and the subectodermal avascular zone in the developing forelimb; therefore, these hypothesized shared patterning mechanisms may include elements that negatively regulate peripheral nerve and blood vessel growth.
Sema3A has been shown to negatively regulate axonal and endothelial cell outgrowth in vitro (see Introduction). Consistent with previous studies describing the distribution of Sema3A mRNA (Giger et al., 1996; Wright et al., 1995) , we find that at E6 -E6.5 (HH29 -HH30), Sema3A protein is found in regions (e.g., dorsal and ventral muscle masses) where forelimb nerves and blood vessels are absent. However, simultaneous analysis of Sema3A protein and peripheral nerve distribution during the early stages of nerve in-growth at E5 (HH26) reveal that Sema3A protein was first seen proximal to (i.e., behind) the growing nerve front. This is consistent with the notion that Sema3A acts via negative regulation to maintain neurovascular patterns already established, but is not consistent with Sema3A negatively regulating pathfinding by the first axons (Eickholt et al., 1999; Giger et al., 1996; Wright et al., 1995) . However, the latter possibility cannot be entirely dismissed since the earliest functional but low-level Sema3A protein expression may have been undetectable in this study.
Consistent with the fact that both peripheral nerves and endothelial cells express the NRP1 receptor Herzog et al., 2001; Soker, 2001; Soker et al., 1998; Takagi et al., 1987) , Sema3A bead experiments were found to profoundly affect neurovascular patterning and development in the quail forelimb in vivo. These findings are consistent with in vitro studies of growth cone behavior in the vicinity of Sema3A-soaked beads (Fan and Raper, 1995) . Nerve abnormalites were observed to be more severe (e.g., failure of formation) in those forelimbs in which Sema3A-soaked beads were implanted prior to peripheral nerve in-growth at E4.5 (HH25) than in the vicinity of peripheral nerves at E5 (HH26). In contrast to the temporally variable severity of the effect of Sema3A on forelimb nerve patterning, endothelial cells appeared to be sensitive to Sema3A at both time points examined. Sema3A has been shown to inhibit capillary sprouting and endothelial motility in vitro (Miao et al., 1999) and our in vivo results are consistent with the notion that endothelial cells remain sensitive to Sema3A during the period of ongoing vascular remodeling that continues until E10 (HH36) (Bates et al., 2002) . In contrast, the peripheral nerve pattern appears to be established with a high degree of precision ab initio (Hol-lyday, 1990) and the adult nerve pattern is laid down by E6.5 (HH30) (Swanson and Lewis, 1982) .
Sema3A knockout studies demonstrate increased peripheral nerve branching and altered nerve trajectories (into cartilage forming areas) that were not seen with our Sema3A antibody bead experiments. These differences may be due to low Sema3A antibody levels, lack of antibody specificity, and persistent Sema3A expression in our experimental forelimbs. Despite no observed change in the nerve pattern, Sema3A antibodysoaked beads caused blood vessel dilation and changes in the forelimb vascular pattern. Blood vessels were found to grow toward and around the bead in normally avascular spaces. This may reflect differences in nerve and endothelial sensitivity to changes in the level of molecules, such as Sema3A, that are involved in neurovascular patterning. The forelimb vascular pattern has not been examined in detail in Sema3A knockout mice, but overexpression of the transmembrane form of NRP1 in mice is associated with excess capillary formation, blood vessel dilation, and hemorrhage (Kitsukawa et al., 1995) . In models of nerve regeneration, Sema3A mRNA is initially down-regulated, and then, following target reinnervation, normal expression levels are restored to maintain the neuronal network (Pasterkamp and Verhaagen, 2001) . Our results are also consistent with the notion that Sema3A maintains and refines an established neurovascular pattern rather than initially defining it (see above). sNRP1 is a truncated form of the NRP1 transmembrane receptor containing just the extracellular domains of this molecule Rossignol et al., 2000) . sNRP1 binds to both VEGF 165 (but not VEGF 121 ) and Sema3A . Monomeric sNRP1 inhibits and dimeric sNRP1 enhances vascular development in vitro (Yamada et al., 2001) . Overexpression of sNRP1 in prostate tumor cells in vivo caused decreased vascularity, hemorrhage, and vascular disruption .
In our study, sNRP1 overexpression was associated with alterations to both nerve and vascular patterns during forelimb development. Forelimb nerves were defasciculated and had altered trajectories that resembled the defects seen in Sema3A knockout and NRP1 overexpression (Kitsukawa et al., 1995) studies in mice. sNRP1 overexpression was also associated with hemorrhage and ectopic, abnormally formed blood vessels that resembled vascular malformations. These findings also resembled those seen in the NRP1 overexpression studies (Kitsukawa et al., 1995) . We did not observe the formation of avascular spaces and defective capillary formation that was seen in NRP1/NRP2 double knockouts (Takashima et al., 2002) . sNRP1 has been shown to inhibit VEGF 165 activity in vitro ; however, our sNRP1 overexpression results in vivo are suggestive of increased rather than decreased VEGF 165 activity Little, 1995, 1999) . It has been suggested that sNRP1 may form a dimer with NRP1-expressing cells, bind to VEGF 165 , and then deliver VEGF 165 to NRP1-expressing endothelial cells (Yamada et al., 2001) . This phenomenon may explain the phenotype observed in our study.
Conclusion
Neurovascular congruency observed between nerves and major axial blood vessels in the forelimb of the vertebrate embryo is established during embryogenesis. Peripheral nerves do not pattern these blood vessels, and blood vessels do not pattern these nerves. Rather, neurovascular congruency appears to be determined by a shared molecular patterning mechanism that involves Sema3A and NRP1. Sema3A appears to negatively regulate neurovascular patterning by stabilizing and maintaining established nerve and blood vessel networks. This system is under strict temporal control, and misexpression of either Sema3A or NRP1 early in development leads to profound disruptions to the forelimb neurovascular pattern.
